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Abstract. Given recent focus on large rivers as conduits for excess nutrients to coastal zones, 2 their role in processing and retaining nutrients has been overlooked and understudied. Empirical 3 measurements of nutrient uptake in large rivers are lacking, despite a substantial body of 4 knowledge on nutrient transport and removal in smaller streams. Researchers interested in 5 nutrient transport by rivers (discharge >10,000 L s -1 ) are left to extrapolate riverine nutrient 6 demand using a modeling framework or a mass balance approach. To begin to fill this 7 knowledge gap, we present data using a pulse method to measure inorganic nitrogen (N) 8 transport and removal in the Upper Snake River, WY (7th order, discharge 12,000 L s -1 ). We 9
found that the Upper Snake had surprisingly high biotic demand relative to smaller streams in the 10 same river network for both ammonium (NH 4 + ) and nitrate (NO 3 - ). Placed in the context of a 11 meta-analysis of previously published nutrient uptake studies, these data suggest that large rivers 12 may have similar biotic demand for N as smaller tributaries. We also found that demand for 13 different forms of inorganic N (NH 4 + vs NO 3 -) scaled differently with stream size. Data from 14 rivers like the Upper Snake and larger are essential for effective water quality management at the 15 scale of river networks. Empirical measurements of solute dynamics in large rivers are needed to 16 understand the role of whole river networks (as opposed to stream reaches) in patterns of nutrient 17 export at regional and continental scales. 18 
INTRODUCTION 1
River networks regulate the export of nutrients from the terrestrial landscape, making 2 them critical for mitigating eutrophication of downstream ecosystems (Alexander et al 2000) and 3
we must understand the role of entire river systems (as opposed to stream reaches) in affecting 4 regional and continental nutrient export patterns. Foundational research examining the 5 contribution of rivers to inorganic nitrogen (N) export to coastal systems has shown that simple 6 models can predict N export based on human-influenced point and non-point source loading 7 from fertilizer application and NO y deposition (Caraco and Cole 1999) or even more simply from 8 population density alone (Howarth et al. 1997 , Peierls et al. 1991 . These relationships have 9 shaped our worldview on the dominant external edaphic factors that control river nutrient export 10 but provide no indication of the role of internal nutrient uptake and transformation that may 11 occur in rivers. 12 Our current empirical understanding of fluvial nutrient dynamics is based mainly on 13 research conducted in small, headwater streams (Ensign and Doyle 2006) . Particularly for 14 nitrogen, the take-home message is that small streams are processing hotspots with the potential 15 to transform and retain dissolved nutrients (Peterson et al. 2001) , and thus may control N exports 16 from river networks because they make up the majority of catchment river miles (Alexander et 17 without great difficulty or prohibitive cost. To date, the majority (~90% of N=625) of nutrient 1 uptake measurements have been made in streams with discharge <200 L s -1 , with almost half of 2 these made in streams <20 L s -1 (Fig. 1) . 3
To address this lack of data, we used a nutrient pulse addition approach to quantify N 4 uptake in a large river. Using methods adapted from small-stream ecology we were able to 5 measure N uptake in the 12,000 L s -1 Upper Snake River in NW Wyoming. Here, we report our 6 data from this technique in the context of a larger meta-analysis of nutrient uptake measurements 7 published to date, and we address the following questions in our analysis: 1) How does nutrient 8 uptake in a large western river compare to smaller streams for which we have numerous 9 measurements? and 2) How does the relative role of biology vs. hydrology in nutrient uptake 10 vary with stream size and form of inorganic N? Surprisingly, we found that the Upper Snake had 11 similar biotic demand for N as smaller streams in the same river network. The Snake River data 12 combined with our meta-analysis suggests that riverine nutrient uptake may scale with stream 13 size; large rivers may have similar demand compared to small tributaries. Yet different forms of 14 inorganic N show different uptake parameters and thus may scale differently with stream size, 15 which may have ramifications for uptake and delivery of N to downstream ecosystems. 16 
17
MATERIALS AND METHODS 18 19 Study Site 20 In July 2005, we conducted solute releases in a 3-km reach of the Upper Snake River 21 (width = 41m, Q=12,000 L s -1 ) in John D. Rockefeller National Parkway, WY upstream of 22
Jackson Lake (7 th order and catchment area = 1376 km 2 ). We chose to quantify N uptake in the 23
Snake River during summer because we wanted to test the nutrient pulse method in a larger 24 system where we had previous nutrient uptake data from small tributaries in the same rivernetwork. During summer, the cobble/boulder bottom of the Upper Snake supports an active algal 1 assemblage (e.g. filamentous green streamers), which we predicted would result in high rates of 2 biotic N demand, particularly because ambient concentrations were very low (dissolved 3 inorganic N, DIN < 10 µg/L). 4
Pulse addition method 5
We conducted pulse additions using a conservative tracer (chloride, Cl -) plus a reactive solute 6 (ammonium, NH 4 + or nitrate, NO 3 -conducted separately). We added the nutrient pulse by filling 7 a 610-L cattle tank with river water and 276 kg of NaCl and 4.3 kg KNO 3 or 5.7 kg (NH 4 ) 2 SO 4 , 8 depending on the release and mixing until dissolved. Before the nutrient/conservative tracer 9 additions, we conducted a preliminary release of only conservative tracer, NaCl, and stationed 10 crews at sites downstream (1330, 1430, 1750 and 2610m from the release point) with 11 conductivity meters to estimate travel time and mixing, allowing us to measure the travel 12 distance required for the solute solution to be well mixed across the channel, and to fine tune 13 how much reactive solute we had to add. The key to mixing in the Snake River was placing the 14 first sampling station below a large eddy created from a pool located at a river bend. 15 Considering previous research that has shown that enrichment-type releases can saturate nutrient 16 demand, and thus underestimate nutrient uptake (Mulholland et al. 2002 , Payn et al. 2005 ), we 17 aimed to raise the peak concentrations of NH 4 + and NO 3 -during the peak of the pulse to ~50 18 µg/L above background concentrations. This increase was analytically detectable, but the highest 19 concentration during the pulse was likely not high enough to saturate demand (Dodds et al. 2002 , 20 Earl et al. 2006 , and only lasted for a few minutes at most. During each pulse, we collected 21 water samples every 2 minutes at each station to characterize the peak as it passed by a station, 22 while also measuring specific conductance. Upon return to the laboratory, we quantified NO 3 -Solute Workshop 1990). Uptake velocity (V f ) was calculated using equations described above. 1
We independently confirmed our results from the pulse mass balance approach using a one-2 dimensional advection, dispersion, transient storage solute transport model (OTIS-P, Runkel 3 1998 Runkel 3 , 2007 ; Fig.2A , dashed line) to estimate first-order decay rate (λ, min -1 ) for the solute, using 4 NH 4 + as an example. 5
RESULTS 7
Quantifying inorganic N uptake in the Upper Snake River 8
Using the pulse release method we were able to quantify declines (corrected for dilution 9
and dispersion with the conservative tracer) in the mass of NH 4 + and NO 3 -passing by stations 10 downstream of the release point ( Fig. 2A and B, respectively), allowing us to successfully 11 calculate the uptake length (S w ) and uptake velocity (V f ) for each reactive solute. In the Upper 12 Snake, the uptake length S w for NH 4 + was 2000m (linear regression, r 2 = 0.85, p=0.07, Fig. 2A ). 13
When scaled for discharge and width, the NH 4 + uptake velocity, V f , was 9.3 mm min -1 (Table 1 ). 14 For NO 3 - , the S w was somewhat longer at 2500m (linear regression, r 2 = 0.80, p=0.10, Fig. 2B ) 15 and we calculated a slightly lower V f at 7.4 mm min -1 ( There are no data available for larger systems, at least within an order of magnitude of discharge 3 of the Snake River; therefore comparison to our Snake River S w at 12000 L s -1 is not possible at 4 this time. However there is no change in the slope of the relationship even when we remove the 5 Snake River data point, and the y-intercept changes only by <0.5% (see Fig. 3B ). 6
How does nutrient concentration interact with stream size in controlling uptake length? 7
Although stream size is a major driver of S w , increasing nutrient concentration also (Fig. 3A) . We compared the slope of the 17 regression of Q vs. S w for all data ( Fig. 3A) with the regression of Q vs. 15 N tracer data only, and 18 although the regression was also significant for Q vs. 15 NH 4 S w (linear regression, y = 0.69x + 19 0.79, r 2 = 0.71, p<0.0001), the slope of 0.69 was significantly greater than that from the Q vs. S w 20 regression for all data (ANCOVA, p<0.0001, Fig 3A) . In contrast, for NO 3 -S w , 15 N tracer 21 estimates did not influence the relationship between S w and Q (Fig. 3B) . When we compared the 22 slope of the regression of Q vs. S w for all data (Fig. 3B ) with the regression of Q vs. 15 N tracerdata only, the regression was again significant for Q vs. 15 NO 3 S w (linear regression, y = 0.42x + 1 2.23, r 2 = 0.16, p<0.0001), but the slope of 0.42 was not significantly different than the slope 2 using all data (ANCOVA, p=0.579, Fig 3B) . In summary, NO 3 -S w does not appear to be as 3 sensitive to variation in NO 3 -availability, which contrasts with results from the NH 4 S w meta-4 analysis. 5 We can further explore the secondary influence of ambient concentration by examining it 6 in the context of the residuals of the S w vs. Q relationship for each solute. The results from the meta-analysis suggest that NH 4 + is tightly cycled; after stream size is 17 accounted for, NH 4 + S w may be under strong biological control because concentration explains 18 the residual variation in the NH 4 + S w vs. Q relationship. From our limited data it may be that the 19 influence of biological demand on uptake is less variable among rivers with increasing size. 20
Alternatively the relationship may be a response to changing sorption kinetics in larger systems. 21 We acknowledge either mechanism may be biased by the lack of data from larger systems,We also plotted NH 4 + S w vs. NO 3 -S w from the subset of studies (N=132) that quantified 1 both solutes on the same stream (Fig. 3C) . If NH 4 + and NO 3 -were biologically used 2 interchangeably, we would predict that the data would show a 1:1 relationship (dashed line, Fig.  3 3C), but in fact this is not the case (91% of the data fall on or above the 1:1 line). In particular, 4
for the smallest streams (open boxes, Fig 3C) , when NH 4 + S w is low (i.e. highest demand), NO 3 -
5
S w is longer, and it appears that NH 4 + is meeting the inorganic N demand. For the largest 6 systems, (closed boxes, Fig. 3C ), the data (including that for the Upper Snake River) approach 7 the 1:1 line. In streams >200 L s -1 , the demand for NH 4 + compared to NO 3 -is similar. These 8 results suggest that larger systems appear to behave distinctly different than smaller systems in 9 regards to NH 4 + vs. NO 3 -cycling. concluded that nutrient uptake is mainly a function of river length, which is somewhat analogous 13 to longer travel time. In other words, rivers are just big streams. 3) Finally, biotic demand may 14 increase with increasing river size, potentially due to the simultaneous demand by benthic and 15 water column biotic processes. We could find no previous empirical or modeling efforts that 16 would support or reject this scenario. 17
What empirical estimates do we have of nutrient uptake in larger systems? 18
To date, we know of only three rivers with Q >10000 L s -1 where N uptake was empirically 19 measured using whole-system techniques comparable to measurements made in smaller systems 20 (Fig. 1) the same stream at the same discharge (Fig. 3C) . The results from the meta-analysis of those 5 streams that had concomitant measurements for both S w -NO 3 -and S w -NH 4 + (N=132) are 6 consistent with a smaller subset of data for 10 streams from different biomes presented by 7
Peterson et al. (2001) showing that S w -NO 3 -was 10X greater than S w -NH 4 + . Interestingly, the 8 difference between S w -NO 3 -and S w -NH 4 + becomes smaller as streams get larger (Fig. 3C , Q > 9 ~200 L/s), which may suggest that either form of inorganic N may be able to meet biotic demand 10 in rivers, while NH 4 + is preferred in small streams. This finding is similar to that of Ensign and 11 Doyle (2006) who found that cumulative uptake flux of NO 3 -increased with stream order while 12 the same was not true for NH 4 + . One reason for this may be that larger systems have increased 13 nutrient demand as a result of the contribution of water-column processes in addition to benthic 14 dynamics (that dominate smaller streams). Further study of this hypothesis is needed. 15 Although researchers often assume that NH 4 + and NO 3 -are interchangeable with respect 16 to meeting N demand by stream biota (hence measuring only one or the other in N uptake 17 studies), there are several reasons that explain the differences we report here. First, NH 4 + is a 18 preferred N substrate for both heterotrophic microbes and algae (Rice and Tiedje 1989, Dortch 19 1990 ), largely because less energy is required for its assimilation into biomass (Hildebrand 20 2005 dissimilatory nitrate reduction to ammonium (DNRA) could generate ammonium; however, our 6 understanding of this process is lacking, and its prevalance in streams is currently being 7 examined (Burgin and Hamilton 2007). 8
Differences in NH 4
+ and NO 3 -uptake may be related to whole-stream metabolism. For 9 example, if large rivers become more heterotrophic due to larger sediment loads (Vannote et al. 10 1980), we would expect demand for NO 3 -to decline relative to NH 4 + because NO 3 -uptake has 11 been shown to be correlated with photosynthesis in systems where primary producers dominate 12 . The opposite is likely true: most of the small streams in our meta-13 analysis are low-light, forested systems with uptake likely more driven by heterotrophic 14 processes-hence tightly cycled NH 4 + . 15 An alternative explanation for the pattern seen in comparing NH 4 + and NO 3 -uptake is 16 that NH 4 + uptake can also be influenced by abiotic sorption processes; NH 4 + uptake could be 17 higher than NO 3 -because the former is subject to cation exchange as well as biological uptake 18 while the latter is primarily controlled by biological mechanisms. In moving from small streams 19 to larger rivers, abiotic controls may change thus shifting the relationship between NH 4 + S w and 20 Q. Rivers transporting more particulates may increase the potential for water column driven 21 cation exchange -perhaps replacing benthic exchange as a mechanism for NH 4 + uptake. This 22 mechanism may work in concert with an increase in water column biotic demand describedabove. In summary, location in the river network may dictate solute-specific uptake and deserves 1 further study. 2
Conceptual framework for scaling nutrient spiraling metrics as streams get larger: 3
Going back to our three scenarios of large river biotic demand (see above), we can 4 summarize the relative influence of hydrology vs. biology on N uptake in a conceptual diagram 5 using the relationships between size and N uptake based on our meta-analysis (Fig. 4) . In small 6 streams, the relative demand of NH 4 + is greater than the demand for NO 3 - , reflected in shorter S w . 7
Our meta-analysis indicates that as size (as Q) increases, the lines for NH 4 + and NO 3 -converge, 8
indicating that in larger fluvial systems the demand for these solutes may be similar. But this 9 pattern may be biased by the fact that we have very few estimates of S w for larger systems, and 10 indeed the slopes may be strongly influenced by the predominance of data for small streams. 11
Conceptually, this pattern allows us to address the three scenarios of large river nutrient uptake. 12
For example, when nutrient uptake is controlled more by hydrologic processes, S w should fall 13 well above these lines indicating that the N demand is lower than predicted by its discharge 14 (Scenario 1: rivers as pipes). The Upper Snake River data (this study) illustrates Scenario 2 in 15 which biological N demand in rivers is similar to small streams, and equal for NH 4 + and NO 3   -,  16 and therefore falls on the intersection of the two lines. Conversely, when biological activity is 17 greater than the influence of hydrology in a river (Scenario 3), it should fall well below these 18 lines, exemplified by the geothermal Polecat Creek ) and the fertilized Kuparuk 19 River (Wollheim et al. 2001) (Fig 3A) . We predict that riverine conditions, such as productivity 20 and sediment type, will determine where a given river falls on this plot; however, the relative 21 role of hydrology and biology in other large rivers is not currently known due to the lack ofThe River Continuum Concept and nutrient cycling 1 While untested with respect to nutrient dynamics, the river continuum concept (RCC) 2 (Vannote et al. 1980 , Minshall et al. 1985 gives us an additional conceptual framework for metabolism should continue to regulate nutrient uptake even as streams become rivers. 7
According to the RCC, gross primary production (GPP) relative to community respiration (CR) 8 increases in mid-order rivers (GPP/CR higher); we would predict that mid-order rivers would 9 have higher assimilative nutrient demand than small streams (i.e. fall below lines, Fig. 4) . 10 Furthermore, in even larger systems (e.g. mainly as a result of the methodological difficulties in applying small-stream approaches to 10 larger river systems. We have presented a method to quantify nutrient uptake in large rivers and 11 we place our results in the context of a meta-analysis of previous research thereby providing a 12 context in which to place future studies. Empirical measurements of solute dynamics in large 13 rivers are needed to understand the role of whole river networks (as opposed to stream reaches) 14 in patterns of nutrient export at regional and continental scales and ultimately, to manage water 15 quality effectively. 16 
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